Improper land use is one major cause of non-point source pollution. Integrated modeling would support the evaluation and optimization of land use for the non-point source pollution control. In this study, the CLUE-S (the Conversion of Land Use and its Effect at Small regional extent) and SWAT (Soil and Water Assessment Tool) models were coupled to simulate pollution loads under different land use scenarios in the upstream watershed of Miyun Reservoir in Beijing, China. The results indicated that changes in land use structure and pattern under different land use scenarios have significantly affected the non-point source pollution load. The increase of orchards and loss of forest cover has led to an increase in the potential pollution loads of nitrogen by 5.27% and phosphorus by 4.03%. However, in the agricultural non-point source pollution control scenario, pollution loads of nitrogen decreased by 13.94% and phosphorus by 9.86%, resulting from the establishment of riparian vegetation buffers and restoring forest on unutilized land and slope arable land. Coupling the hydrological model SWAT and the land use model CLUE-S succeeded in evaluating the land use pattern for agricultural non-point source pollution control. The coupling of two models provides a new approach for land use optimization towards non-point source pollution control.
Introduction
Improper land use structure and management will lead to soil erosion and nutrient loss with surface runoff, resulting in a large area of non-point source pollution in the watershed [1] [2] [3] [4] [5] , causing a loss of nitrogen and phosphorus and water eutrophication. Therefore, domestic and foreign scholars carried out many related researches to seek a reasonable land use structure and pattern so as to control agricultural non-point source pollution [6] [7] [8] [9] .
Due to the temporal and spatial variability in the occurring processes of non-point source pollution, regular monitoring requires a large investment. Consequently, physically based watershed-scale modeling has become useful and popular [10] . The distributed hydrological model SWAT (Soil and Water Assessment Tool) is widely used in evaluating the response of non-point source pollution to land use change, which provides a certain reference for land pattern optimization of a watershed [11, 12] . Bhaduri et al. [13] analyzed the impacts of the dynamic change in land use of a watershed on non-point source pollution from 1973 to 1991. He pointed out that the load of non-point source pollution increased by 15% with the reduction of woodland and the increase in arable land [13] . Sahu and Gu [14] indicated that the load of nitrate can be effectively reduced by about 30% by establishing a watershed vegetation buffer. The study on the Heihe River [7] watershed and the upper watershed of Taihu Lake [15] showed that with the implementation of returning cultivated land to forest as well as water conservation and forest protection projects, non-point source pollution in the watershed would be reduced. However, most researches on the design of land use scenarios mainly adopt qualitative methods, historical inversion, the contrast and extreme land use scenarios design [2, 7, 15] ; these methods find it difficult to involve the factors of spatial land use pattern variation or that under the guidance of a policy. In addition, a single hydrological model or a single land use change model also finds it difficult to analyze the connections between land use change and non-point source pollution variation, not even supporting the optimization of a land use pattern in order to reduce non-point source pollution. Therefore, combining the hydrological model with the land use change model for agricultural non-point source pollution control for land use pattern optimization will be an important direction for future researches [15] .
The dynamic land use simulation model of CLUE-S (the Conversion of Land Use and its Effect at Small regional extent) can carry out a quantitative analysis on the multi-scale land use changes in space, in particular, simulating possible changes under land use scenarios in the future, and taking into account neighborhood factors, driving forces and land suitability related to land use scenario design [16] [17] [18] . This model can also combine with an anti-planning approach, to simulate and predict a non-point source pollution control scenario based on the analysis of security patterns in a regional landscape [19] . The combination of CLUE-S and SWAT can give full play to the advantages of model coupling, which both improves the reasonableness and accuracy of the model for land use scenario simulation and effectively evaluates non-point source pollutions under different scenarios [15] .
Miyun Reservoir is the only surface drinking water source of Beijing, whose water supply accounts for 73% of the total in Beijing. Therefore, its water quality directly determines the drinking water safety of the capital. However, the monitoring data analysis shows that 94% of NH 3 -N, 75% of TN (Total Nitrogen) and 95% of TP (Total Phosphorus) in the upstream watershed of Miyun Reservoir are from non-point source pollution [20] . Therefore, the study on rational land use in the upper watershed of Miyun Reservoir is significant for the protection of water quality.
Dynamic land use simulation model CLUE-S and non-point source pollution model SWAT were coupled in this paper. Non-point source pollution loads under different land use scenarios were evaluated with the coupled models, in order to provide a reference for the land use pattern optimization for agricultural non-point source pollution control in the watershed.
The study area
The study area (E 115°25 ′ -117°33
is the upstream watershed of Miyun Reservoir, which is the main drinking water source of Beijing city, China, with a total area of 1010.38 km 2 . The mean annual precipitation is 660 mm, and the average annual temperature is approximately 10.9°C over the study area. There are six branches in this area, the Bai River, Baima River, Mangniu River, Chao River, Andamu River and Tang River. The soil is mainly cinnamon and brown soil, cinnamon soil distributed in the low mountains and hilly regions, while the brown soil is located in the northwest of the watershed at altitudes of over 800m. The dominant land covers in this watershed are forest, orchard and arable land. The major crops include corn, wheat, millet and beans, where the corn occupies 83.8% of total arable land area (see Fig. 1 ). 
Materials and methods

This
Model description
Land use simulation model CLUE-S utilizes the spatial dominant dynamic simulation model established by Wageningen University [21] [22] [23] . After introducing socioeconomic and neighborhood factors [24] , the model can carry out spatial stimulation on land use changes integrated with a spontaneous process as well as a self-organizing process of land use. Assuming that the relationship between land use process and driving force stays unchanged in the short term, this process can predict and simulate the spatial expression of land changes in the short term by the regression relationship between historical land patterns and the driving force [25] . The CLUE-S model includes three modules: gross demand control module, spatial analysis module and spatial allocation module. Gross demand control module means a kind of total control in land changes; spatial analysis module is to conduct regression analysis based on the status or historical land pattern and its driving force factor, while the space allocation module is to carry out spatial layout on the total demand for land based on the results of spatial analysis [26] . The CLUE-S model has been widely used in international researches and many scholars have conducted simulation by controlling different scenario settings and the total demand for the corresponding land patterns [27] [28] [29] [30] . The SWAT model is a physically based, watershed scale, continuous time and water quality model developed by Dr. Jeff Arnold for the United States Department of Agriculture-Agricultural Research Service (USDA-ARS) [31] . It required data about the digital elevation model, soil, land use, slope, weather and land management practices throughout the watershed. SWAT included hydrology, meteorology, sediment, soil, crop growth, nutrients, pesticides, insecticides and agricultural management of eight components, the 701 mathematical equations and 1013 intermediate variables [32] . The SWAT model was applied to predict the impacts of land use changes and agricultural management practices on stream flow, sediment and water quality in large complex watersheds with hydrology, soil properties, plant growth, land management and weather conditions over long periods of time [33] [34] [35] [36] [37] [38] .
Statistical evaluation of the results
The relative error (RE) and the Nash-Sutcliffe prediction efficiency (Ens) were used to evaluate the SWAT model predictions against the observed values [39] . The equations were given as follows:
where P t and O t are the simulated and observed values respectively. When RE is positive, the predicted value or simulated value is greater than the observed value; or else the predicted value or simulated value of the model is lower than the observed value; if RE = 0, it indicates the predicted value or simulated value equal to the observed value.
where Q o and Q p are the observed and simulated data, respectively, Q avg is the average of the observed data and n is the total number of data records. The optimal value of Ens is 1.0. As Ens approaches 1.0, the model simulates the measured data more accurately. When Ens is negative, the model is a worse predictor than the measured mean. 
Establishment of land use scenarios based on the CLUE-S model
Two scenarios of land use change from 2006 to 2015 were established in this study. The first scenario assumes the land use will change based on the historical land use changing tendency of 1991-2006. The second scenario assumes the land use will change obeying the regional land use planning of agricultural non-point source pollution control. The detailed settings of different simulated scenarios with the CLUE-S model are shown as the following.
Scenario 1: land use scenario in 2015
In this scenario, the Markov chain was used to predict the land use area change from 2006 to 2015, based on the transition matrix from 1991 to 2006. The actual land use change from 1991 to 2006 and the associated transition matrix were analyzed and generated by overlaying the land use maps of 1991 and 2006. The spatial land use change was simulated with the CLUE-S model based on the land suitability factors of elevation, slope, distance to the road, distance to the residential points and population density [19] . The land use map of 2015 of Scenario 1 was established as Fig. 2. 
Scenario 2: agricultural non-point source pollution control scenario
In this scenario, it is assumed some key locations will be changed obeying land use planning, including establishing vegetation riparian buffers, reforestation on slope arable land (>25°) and unutilized land, in order to control the agricultural non-point source pollution. The rest of the land will be changed according to the historical land use change tendency. The agricultural non-point source pollution control scenario of Scenario 2 was established as Fig. 3 . 
Data collection
The CLUE-S model required data includes land use maps from 1991 and 2006 (1:10,000) which were interpreted from spot images, maps of land suitability including traffic maps, a digital elevation model (DEM; 1:250,000) and the statistical yearbooks in 1991 and 2006 of Miyun County. The land use maps of 1991 and 2006 include six land categories of arable land, forest cover, orchard, built up areas, water bodies and unutilized land.
For the SWAT modeling, meteorological data from 1990-2009 and the soil map (1:250,000) were additionally collected besides DEM data, land use map in 2006 (1:100,000). The meteorological data included daily data of precipitation, maximum and minimum temperature, solar radiation, humidity, wind speed.
Results and analysis
Validation of the CLUE-S model
A simulation from 1991 to 2006 was conducted. The simulated land use map of 2006 was compared to the actual land use map in 2006 with the kappa coefficient. The resultant kappa index was 0.7998, showing the total accuracy of the land use simulation was reliable [18] . The CLUE-S model can be used to simulate land use changes in the upstream watershed of Miyun Reservoir [19] .
SWAT model calibration and validation
The calibration and validation of the SWAT model includes the calibration and validation of stream flow, sediment and water quality, in the upstream watershed of Miyun Reservoir (Figs. 4-6 Figs. 4-6 show the comparison between observed and simulated stream flow, sediment and water quality for calibration and validation periods. More detailed information concerning the calibration and validation procedure for stream flow, sediment and water quality can be referred to Zhang et al. [40] . During the validation, the simulated value of the model is slightly higher than the observed value. The relative error (RE) of flow and water quality is less than 15%, sediment relative error (RE) is less than 20%, and Ens is greater than 0.75, the results showed that SWAT performance was still satisfactory, implying that SWAT was applicable to the watershed.
Analysis of the effectiveness of non-point source pollution control under different land use scenarios
Evaluation of land use changes under different scenarios
In Scenario 1, compared with the land use status in 2006, orchard area has increased by 10.34% in 2015, while forest cover has decreased by 0.06%, which indicates that the land use changes show a strong trend: increase in orchard and decrease in forest. In Scenario 2, forest cover has increased by 5.6% under the agricultural non-point source pollution control scenario compared with the land use status in 2006, while the unutilized land and arable land have respectively decreased by 79.79% and 28.05%, which indicates that the land use changes show a strong trend: the sharp decline in unutilized land and arable land, and increase in forest cover area.
Impacts of land use scenarios on TN and TP loads
The 
Conclusions and discussion
The dynamic simulation of land use model CLUE-S and distributed hydrological model SWAT were coupled in this paper. Pollution loads under different land use scenarios were analyzed in the upstream watershed of Miyun Reservoir in Beijing, China. The results show that compared with land use status in 2006, the loads of TN and TP have increased under land use scenario in 2015. However, in the agricultural non-point source pollution control scenario, with the land use optimization, the loads of TN and TP have been effectively controlled. The optimization of the land use pattern in the watershed for agricultural non-point source pollution control not only needs to carry out vegetation recovery on the riparian and returning unutilized land and slope arable land to forest cover, but also to enhance reasonable control of land use structure and pattern in the future.
The physical based hydrological model has been widely used for the quantitative evaluation of pollution loads. However, a single hydrological model finds it difficult to predict the pollution loads in different land use change scenarios, not even supporting the land use pattern optimization. Most researchers still endeavor to evaluate and compare simulation results of different hydrological models [41] [42] [43] [44] [45] . Some scholars also carry out studies of the coupling of the land use model and non-point source pollution model [15, 46] , but they mainly study the impacts of the future land use scenarios on surface runoff, without exploration of the effects of the dynamic changes in land use and land use scenarios on the loads of nitrogen and phosphorus. Coupling CLUE-S and the SWAT model could simulate and quantitatively evaluate the nitrogen and phosphorus loads under different land use scenarios, predicting the effects of non-point source pollution control under different land use optimization planning and hypotheses. This coupling of two models would provide a scientific basis for establishing more rational land use planning and strategies for controlling nitrogen and phosphorus loads.
